Interferometric synthetic aperture radar (InSAR) is an effective technology for generating high-precision digital elevation models (DEMs). However, the vertical accuracy of InSAR DEMs is limited by the contradiction between height measurement sensitivity and phase unwrapping reliability in terms of normal baseline length as well as data voids caused by layover or shadow effects. In order to alleviate these two unfavorable factors, in this study, a novel InSAR DEM fusion method with guided filter is developed and assessed with multiple bistatic TanDEM-X InSAR data pairs of different normal baselines acquired from different orbits. Unlike the widely used fusion method based on pixel-by-pixel weighted average, the guided-filter-based method incorporates local spatial context information into the fusion and can thus effectively alleviate the noise effect and automatically fill in data voids. As a result of the local edge-preserving capability of the guided filter, the proposed fusion method can preserve terrain details by maintaining gradient consistency and introducing terrain features as guidance image. Furthermore, the proposed fusion method is computationally efficient owing to the linear time complexity of guided filter. The experimental results show that the fused DEM with guided filter can depict terrain details well and smooth the "salt-and-pepper" noise and fill in almost all of the data voids. The root mean square error (RMSE) of the fused InSAR DEM with guided filter is lower than those of the weighted average fused InSAR DEM and the TanDEM-X DEM released by the German Aerospace Center (DLR), thus validating the effectiveness of the fusion method proposed in this study.
Introduction
Digital elevation models (DEMs) depict the topography of the ground surface and are widely used as fundamental geospatial data in various applications. For example, highly accurate DEMs are prerequisites for the assessment of flood vulnerability, the prediction of inundation extent, and the study of geomorphological variations caused by geohazards [1] . Therefore, the generation of high-precision DEMs has long been a key topic in the field of mapping and remote sensing.
Interferometric synthetic aperture radar (InSAR) topographic mapping has been attracting increasing attention in terrain mapping due to its all-day and all-weather imaging capability [2] [3] [4] . Compared with leveling surveys, photogrammetry, and light detection and ranging (LiDAR), In most cases, the baseline contradiction and layover/shadow distortions are solved separately by multi-baseline phase unwrapping and multi-orbit DEM fusion, respectively. In order to solve these two problems simultaneously, in this study, a novel InSAR DEM fusion method with guided filtering is proposed to merge multi-baseline and multi-orbit InSAR DEMs in geographic coordinates that can combine the advantages of multi-baseline and multi-orbit InSAR observations. Thus, the strong height measurement ability of the long baseline can be retained, while random height errors can be reduced by increasing the numbers of observations. Additionally, InSAR observations acquired from different orbital directions can compensate for the data voids in InSAR DEMs caused by geometric distortions. The detailed advantages of the proposed image fusion approach are as follows:
(1) A two-scale fusion strategy is adopted in the proposed fusion method to well preserve details.
The two-scale representations of InSAR DEMs that are to be fused are realized with an average filter. The base layer aims to represent the large-scale variations of DEMs, which can model the overall trend of topography. Meanwhile, the detail layer tries to capture the remaining small-scale terrain details. Therefore, the algorithm can dedicate more attention to small-scale terrain cues to preserve details in the fusion process. ( 2) The proposed novel fusion method can introduce local spatial constraint information and can therefore smooth noise and fill data voids inside the search windows. If a pixel is located in a neighborhood with severe local terrain changes, its local variance increases. Guided filter preserves abrupt terrain changes by maintaining gradient consistency. Therefore, the proposed fusion method based on guided filter can well preserve the terrain details of the InSAR DEMs. Moreover, the fusion algorithm is also computationally efficient, considering the linear time complexity of guided filter. (3) The proposed fusion method takes the topographic features into consideration. The hillshade map is generated from the DEM data and can present topographic features such as ridges and the geometric outline of ground targets more explicitly. The hillshade map is performed as the guidance image in guided filter algorithm. Therefore, the novel weights of fusion after guided filter can integrate terrain feature information.
The efficiency of the proposed InSAR DEM fusion method with terrain-guided filter was tested with multi-baseline and multi-orbit bistatic TanDEM-X InSAR data. Compared with the traditional DEM fusion method based on pixel-by-pixel weighted average [1, [20] [21] [22] , the proposed method showed a competitive performance in both qualitative and quantitative evaluations.
The remainder of this study is structured as follows: Section 2 describes the methodology for the fusion of multi-baseline and multi-orbit InSAR DEMs with guided filter. Section 3 describes the experiments using four bistatic TanDEM-X interferograms with diverse normal baselines, and the accuracy of the generated multi-baseline DEM is evaluated by a high-precision photogrammetric DEM and compared with the TanDEM-X DEM. Section 4 discusses and analyzes the experimental results. Section 5 draws conclusions from the study.
Methodology
In this section, the methodology for the novel guided-filter-based InSAR DEM fusion algorithm is presented and analyzed based on the data processing sequence shown in Figure 1 . This includes: (1) InSAR DEM generation and theoretical error analysis (Section 2.1); (2) InSAR DEM decomposition and hillshade map generation (Section 2.2); and (3) InSAR DEM fusion with guided filter (Section 2.3). 
InSAR DEM Generation and Theoretical Error Analysis
As shown in part I of Figure 1 , the surface elevation was measured by the interferometric phase and was then converted to height through the geometric relationship with the InSAR technique. The interferometric phase was calculated as the argument of the conjugate multiplication of two coregistered SAR images. As the master and slave images of the bistatic TanDEM-X interferometric pair were acquired simultaneously, there was no deformation phase, and the atmospheric phase could typically be neglected. Therefore, the interferometric phase int φ comprised two components as follows [26] :
where topo φ is the phase linearly related to the topographic height to be determined, and noise φ is the phase caused by the thermal noise of the SAR sensor as well as the decorrelation between two SAR acquisitions whose impact can be mitigated through interferogram filtering. 
where amb H is the height ambiguity, λ is the wavelength, R is the slant range, θ is the incidence angle, and n B is the vertical baseline. After the removal of the reference topographic phase, the fringes of the interferogram were evidently reduced and were thus easier to unwrap. Then, the residual phase signal in the differential interferogram was reasonably assumed to represent local topographic details that could not be portrayed by the reference DEM. In order to suppress the phase noise, Goldstein filtering [28, 29] was performed on the differential interferogram before phase unwrapping. There are classic methods for phase unwrapping, such as the branch-cut method [30] , the minimum cost flow (MCF) method [31] , the statistical-cost network-flow approaches for phase 
As shown in part I of Figure 1 , the surface elevation was measured by the interferometric phase and was then converted to height through the geometric relationship with the InSAR technique. The interferometric phase was calculated as the argument of the conjugate multiplication of two coregistered SAR images. As the master and slave images of the bistatic TanDEM-X interferometric pair were acquired simultaneously, there was no deformation phase, and the atmospheric phase could typically be neglected. Therefore, the interferometric phase φ int comprised two components as follows [26] :
where φ topo is the phase linearly related to the topographic height to be determined, and φ noise is the phase caused by the thermal noise of the SAR sensor as well as the decorrelation between two SAR acquisitions whose impact can be mitigated through interferogram filtering. The SRTM DEM was used as the reference DEM and radar coded into the image space of the interferogram. The reference topographic phase φ re f can be simulated from the radar-coded height h re f as follows [27] :
where H amb is the height ambiguity, λ is the wavelength, R is the slant range, θ is the incidence angle, and B n is the vertical baseline. After the removal of the reference topographic phase, the fringes of the interferogram were evidently reduced and were thus easier to unwrap. Then, the residual phase signal in the differential interferogram was reasonably assumed to represent local topographic details that could not be portrayed by the reference DEM. In order to suppress the phase noise, Goldstein filtering [28, 29] was performed on the differential interferogram before phase unwrapping. There are classic methods for phase unwrapping, such as the branch-cut method [30] , the minimum cost flow (MCF) method [31] , the statistical-cost network-flow approaches for phase unwrapping (SNAPHU) [32] , etc. Considering both the effectiveness and efficiency of these methods, the MCF method was adopted for phase unwrapping in this study. After the phase unwrapping of the differential interferogram, the unwrapped phase was represented by φ unw . The interferometric phase simulated from the reference DEM φ re f showed large-scale, low-frequency topographic information, while the unwrapped differential phase φ unw obtained above was considered to represent small-scale, high-frequency topographic information. Therefore, we could recover the full topographic phase by merging these two phase components together [33] . However, there always was an offset φ o f f between the unwrapped differential phase φ unw and absolute differential phase (φ topo − φ re f ), as shown in Figure 2 , and a phase calibration process was therefore needed to determine this offset φ o f f . Figure 2 , and a phase calibration process was therefore needed to determine this offset off φ . In this study, we selected i sample points in the reference DEM in relatively flat areas with very small residual phase difference between the actual topographic phase and the reference topographic phase. The phase offset of the sample points 
After the absolute phase offset calibration, the topographic phase can be well reconstructed according to the following equation:
The standard deviation of the height error In this study, we selected i sample points in the reference DEM in relatively flat areas with very small residual phase difference between the actual topographic phase and the reference topographic phase. The phase offset of the sample points φ o f f ,i can be written as:
In order to ensure calibration accuracy, observation samples (r i , c i , φ o f f ,i ), i = 1, · · ·, n were collected all over the images with theoretical height errors σ h,i below an empirically set threshold. The absolute phase offset φ o f f was determined through the weighted average of phase offset φ o f f ,i at the selected sample points, as given in Equation (4) below, with the weights w i (i = 1, 2, · · ·, n) calculated by Equation (5) below. Additionally, the weights w i (i = 1, 2, · · ·, n) were used for the InSAR DEM weighted average fusion.
The standard deviation of the height error σ h,i is an important factor to determine weights for absolute phase calibration as well as InSAR DEM fusion and can be estimated from the standard deviation of phase error σ φ,i [27] :
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The remaining problem was how to estimate the standard deviation of the phase error σ φ,i . Reference [34] gives the conditional probability density function (PDF) of the interferometric phase φ as pd f (φ|φ 0 , γ, L) , where φ 0 is the mathematical expectation of the interferometric phase φ, γ is the coherence coefficient, and L is the effective look number. When φ 0 is set as zero, pd f (φ|0, γ, L) describes the probability distribution of the interferometric phase noise [34] . Thus, the phase noise σ φ,i can be calculated by integrating the phase noise probability density function pd f (φ|0, γ, L) :
The InSAR height H was calculated using the linear relationship between the topographic phase and the terrain height based on Equation (2). Subsequently, the InSAR estimated height H, the theoretical height error σ h,i , and the weight w i were all georeferenced and gridded in the geographic coordinate system (latitude and longitude) or projected coordinate system, e.g., Universal Transverse Mercator (UTM) system.
InSAR DEM Decomposition and Hillsade Map Generation
From the above section, the single-baseline InSAR DEM with corresponding theoretical height error was generated. In order to combine the meaningful information and fix the data voids, it is effective to fuse the multi-baseline and multi-orbit InSAR DEMs together. In this study, the edge-preserving smoothing guided filter was utilized for DEM fusion. This section acted as the preparation or preprocessing step for the subsequent InSAR DEM fusion with guided filtering corresponding to part II of Figure 1 . The preprocessing included two major parts: InSAR DEM decomposition and hillshade map generation.
In order to better preserve details, the InSAR DEM is decomposed into two scales including the base map and the detail map, which correspond to the low-frequency rough terrain information and the high-frequency fine terrain details, respectively. In this study, the decomposition of the DEM was performed by a simple average filtering. First, the mean height map of all the input coregistered height layers was calculated. Then, the base map B could be obtained by the average filter for the mean height layer. Subsequently, the detail map D i was calculated by subtracting the base map B from the DEM.
However, terrain details are easily mixed with high-frequency noise information, and it is therefore challenging to preserve meaningful details and eliminate noise information. As meaningful detail information is closely related with terrain conditions, the hillshade map, which can greatly enhance the terrain features, was proposed to act as the guidance image during the guided filter processing. Thus, terrain features, such as ridges, could be well preserved. The hillshade map can evidently highlight the terrain features by calculating the hypothetical illumination of a surface [35] .
InSAR DEM Fusion with Guided Filter
Guided filter belongs to the category of edge-preserving filters that can smooth noise and preserve details. The guided filter is based on a local linear model, the computing time of which is independent of the filter size. The guided filter is qualified for other applications such as image matting, up-sampling colorization [36] , and image fusion [25] . In this study, the guided filter was first applied for InSAR DEM fusion corresponding to part III of Figure 1 . Q = GF r,ε (P, I) is used to represent the guided filtering operation, where parameters r and ε are the parameters that decide the filter size and blur degree of the guided filter, respectively, and P, I, and Q refer to the input image, guidance image, and output image, respectively. In this study, we used the hillshade map as the guidance image I, which could integrate terrain feature information into the fusion process. In Section 2.2, the InSAR DEM had been decomposited into the base layer B and detail layer D i . The weight map w i for the generated InSAR DEM could be calculated from the theoretical height error σ h,i based on Equation (5). Therefore, the detail layer D i and the weight map W i were Remote Sens. 2018, 10, 1511 7 of 20 performed as input images. Following the guided filtering processing shown in Equations (9) and (10) below, the output images are the guided filtered detail map QD i and weight map QW i :
In theory, the guided filter assumes that the filtering out the filtering output Q is a linear transformation of the guidance image I in a local window w k centered at pixel k. There are n pixels k 1 , k 2 , . . . , k n inside the window w k .
where (a k , b k ) are some linear coefficients assumed to be constant in local window w k . The window size used is r × r. This local linear model ensures that Q has an edge only if I has an edge, as ∇Q = a∇I, which is the reason that the guided filter is the edge-preserving smoothing filter. To determine the linear coefficients (a k , b k ), the difference between the output image Q maintaining the linear model in Equation (11) and the input image P should be minimized. The cost function in the local window w k is given by:
where ε is a regularization parameter penalizing large a k . Equation (12) is the linear ridge regression model [37, 38] , and its solution is given by:
where µ k and σ 2 k are the mean and variance of guidance image I in w k , |w| is the number of pixels in w k , and p k = 1 |w| ∑ i∈w i P i is the mean of the input image P i in w k . Having obtained the linear coefficients (a k , b k ), we computed the filtering output Q i by Equation (11) .
However, a pixel i is involved in all the overlapping windows w k that cover i, so the value of Q i in Equation (11) is not identical when it is computed in different windows. A simple strategy is to average all the possible values of coefficient (a k , b k ). After computing (a k , b k ) for all windows w k in the image, the filtering output is computed by:
where
After the calculation of guided filtered detail map QD i and weight map QW i , the final detail map is computed by the weighted average as follows:
The final fused DEM H f usion can be reconstructed by the two-scale image composed of the base layer B and the average-weighted detail layer QD after guided filtering, as follows:
After the guided filtering process, the characteristics of the terrain features in the hillshade map could be incorporated with the high-frequency detail map and weight map. In other words, the guided filter with the hillshade map as the guidance map introduced the terrain-condition-related information into the fusion process, making the guided filtering algorithm more adapted to the DEM fusion. Considering that the guided filter can smooth the noise inside the local window, the InSAR DEM fusion with guided filter can smooth the height error while preserving the meaningful details.
Results

Experimental Area and Data
The test site was located at the junction of three cities in Henan province, China, namely, Zhengzhou, Luoyang, and Pingdingshan. Figure 3 shows the georeferenced amplitude image of a bistatic TanDEM-X InSAR pair from which it can be seen that the terrain types of the experimental area are diverse, including plains, hills, and mountains. The central part of the experimental area covered Mount Song, with elevations ranging from 150 m to 1500 m above sea level, and the slopes in the central part were very steep.
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Results
Experimental Area and Data
The test site was located at the junction of three cities in Henan province, China, namely, Zhengzhou, Luoyang, and Pingdingshan. Figure 3 shows the georeferenced amplitude image of a bistatic TanDEM-X InSAR pair from which it can be seen that the terrain types of the experimental area are diverse, including plains, hills, and mountains. The central part of the experimental area covered Mount Song, with elevations ranging from 150 m to 1500 m above sea level, and the slopes in the central part were very steep. The TanDEM-X images used in this experiment were four stripmap bistatic InSAR pairs with different normal baselines. The detailed parameters of these InSAR pairs are shown in Table 1 . It can The TanDEM-X images used in this experiment were four stripmap bistatic InSAR pairs with different normal baselines. The detailed parameters of these InSAR pairs are shown in Table 1 . It can be seen that the lengths of their normal baselines were 157, 237, 251, and 471 m and that the baselines were evenly distributed and were proper for the multi-baseline InSAR experiment. The SRTM DEM with 1 arc-second resolution covering our study area was used as a reference DEM for rough topographic phase removal in the InSAR processing.
In order to evaluate the height accuracy of the generated DEMs, a photogrammetric DEM of 1 m resolution was used as the reference elevation dataset. The photogrammetric DEM was acquired in 2011. The coverage of the photogrammetric DEM is marked by the white rectangle in Figure 3 inside the coverage of the TanDEM-X images marked by the black, purple, and brown rectangles in Figure 3 . As mentioned in Reference [6] , the height accuracy of the DEM product depends on the slope. The photogrammetric DEM used as reference DEM met the China Surveying and Mapping Industry Standard of 1:5000 resolution DEM, which means that for the flat terrain, the RMSE of the height error was less than 1 m, while for the mountainous areas, the RMSE was less than 5 m. There were different terrain types, such as mountains and plains, inside the coverage of the reference DEM, which made the reference DEM suitable for the evaluation of height accuracy in the generated DEMs in different kinds of terrain conditions.
We acquired the TanDEM-X DEM tile covering the test area through the annoucement of opportunity (AO) project of the German Aerospace Center. The TanDEM-X DEM is the global DEM product of the TanDEM-X mission. The TanDEM-X DEM acquisition phase took four years, from December 2010 to January 2015. The TanDEM-X DEM tile used in this study had an independent pixel spacing of 0.4 arcsec, which is about 12 m [39] . The absolute vertical accuracy of the TanDEM-X DEM is better than 10 m from the perspective of the 90% linear point-to-point error, which is defined as the 90th percentile of absolute height error with respect to zero [40, 41] . After certain postprocessing of the TanDEM-X DEM, the commercial WorldDEM TM product can be produced, which consists of a digital surface model (DSM) representing the Earth's surface (including heights of buildings and other man-made objects, trees, forests and other vegetation), and a digital terrain model (DTM) representing bare Earth; vegetation, and man-made objects are removed [42] . 
Experimental Results for InSAR DEM Fusion
The bistatic TanDEM-X InSAR data were processed to generate DEMs with different normal baselines based on the procedure presented in Section 2.1. The standard deviation of the height error was calculated based on Equation (7) . The relationship between the standard deviation of the height error and coherence is plotted in Figure 4 . It can be seen from Figure 4 that the height measurement accuracy was determined by the baseline length and coherence level. When the coherence was higher than 0.2, the theoretical standard deviation of the height error was no higher than 10 m. In order to control the phase unwrapping error, the coherence threshold for phase unwrapping was set to 0.2. After the interferometric processing, the single-baseline InSAR DEM was generated. The randomly distributed height error outliers determined by the 3σ principle were eliminated to improve the height accuracy of the generated DEM. As well as fusion through guided filter, the single-baseline InSAR DEMs were also fused through weighted average as contrast experiment. The weight was determined by the theoretical height error as in Equation (7). As described in Sections 2.2 and 2.3, the InSAR DEM to be fused was decomposited into a base layer and a detail layer. The averaged DEM of these InSAR DEMs was used to generate the hillshade image and the base image. The hillshade image enhanced the terrain features As well as fusion through guided filter, the single-baseline InSAR DEMs were also fused through weighted average as contrast experiment. The weight was determined by the theoretical height error as in Equation (7). As described in Sections 2.2 and 2.3, the InSAR DEM to be fused was decomposited into a base layer and a detail layer. The averaged DEM of these InSAR DEMs was used to generate the hillshade image and the base image. The hillshade image enhanced the terrain features and was performed as the guidance image for the guided filtering of the detail image and weight image. Figures 5 and 6 display the detail images and weight images before and after the guided filtering of the mountainous sample area marked by a red rectangle in Figure 3 . The detail maps and weight maps of InSAR DEM I and IV are shown in Figure 5 , and those of InSAR DEM II and III are shown in Figure 6 . The first row and second row of Figures 5 and 6 present the detail maps and weight maps before and after the guided filtering, respectively.
Analyzing the first row in Figures 5 and 6 , it can be seen that the detail map and weight map were related to the terrain features. Before the application of the guided filter, the images were full of "salt-and-pepper" noise. After the guided filtering, the detail maps and weight maps, shown in the second row of Figures 5 and 6 , could well integrate the terrain features. Additionally, as the guided filter could combine the local spatial context information, it could reduce the random noise information in the detail maps and weight maps. As well as fusion through guided filter, the single-baseline InSAR DEMs were also fused through weighted average as contrast experiment. The weight was determined by the theoretical height error as in Equation (7). As described in Sections 2.2 and 2.3, the InSAR DEM to be fused was decomposited into a base layer and a detail layer. The averaged DEM of these InSAR DEMs was used to generate the hillshade image and the base image. The hillshade image enhanced the terrain features and was performed as the guidance image for the guided filtering of the detail image and weight image. Figure 5 andFigure 6 display the detail images and weight images before and after the guided filtering of the mountainous sample area marked by a red rectangle in Figure 3 . The detail maps and weight maps of InSAR DEM I and IV are shown in Figure 5 , and those of InSAR DEM II and III are shown in Figure 6 . The first row and second row of Figure 5 andFigure 6 present the detail maps and weight maps before and after the guided filtering, respectively.
Analyzing the first row in Figure 5 andFigure 6, it can be seen that the detail map and weight map were related to the terrain features. Before the application of the guided filter, the images were full of "salt-and-pepper" noise. After the guided filtering, the detail maps and weight maps, shown in the second row of Figure 5 and Figure 6 , could well integrate the terrain features. Additionally, as the guided filter could combine the local spatial context information, it could reduce the random noise information in the detail maps and weight maps. ,a2) and (b1,b2) are the detail maps and weight maps of Interferogram I, respectively; (c1,c2) and (d1,d2) are the detail maps and weight maps of Interferogram IV, respectively; (a1,b1,c1,d1) are the original detail maps and weight maps; and (a2,b2,c2,d2) are the guided filtered detail maps and weight maps. In order to well evaluate the fusion results for different terrain conditions, two sample areasone plain area and one mountainous area-were selected, as marked by green and red rectangles in Figure 3 and presented as colored hillshade maps in Figure 7 Table 2 . The DEM fusion process with weighted average or guided filter could fill in the data voids to some extent. Table 3 shows the number and percentage of the invalid pixels of the generated DEMs and can be used as an indicator to evaluate the effectiveness of the DEM fusion methods. For the single-baseline InSAR DEMs-a1, b1, c1, and d1 in Figure 7 and 8-there were data voids caused by geometric distortions or phase unwrapping errors. Comparing the InSAR DEMs I ( 251 n B = , ascending) (a1) and IV ( 237 n B = m, descending) (d1) in Figure 7 and 8, it could be found In order to well evaluate the fusion results for different terrain conditions, two sample areas-one plain area and one mountainous area-were selected, as marked by green and red rectangles in Table 2 . The DEM fusion process with weighted average or guided filter could fill in the data voids to some extent. Table 3 shows the number and percentage of the invalid pixels of the generated DEMs and can be used as an indicator to evaluate the effectiveness of the DEM fusion methods.
For the single-baseline InSAR DEMs-a1, b1, c1, and d1 in Figures 7 and 8 -there were data voids caused by geometric distortions or phase unwrapping errors. Comparing the InSAR DEMs I (B n = 251 m, ascending) (a1) and IV (B n = 237 m, descending) (d1) in Figures 7 and 8 , it could be found that the height surface at the toward-radar slopes was smoother and had fewer data voids than that at the back-radar slopes. In Table 2 , the RMSEs of the single-baseline InSAR DEMs covering the whole test area, marked by the yellow rectangle in Figure 3 , were all larger than 11 m. The RMSEs of the height at the two sample areas, marked by red and green rectangles in Figure 3 , were all larger than 3 m. It is worth mentioning that the photogrammetric DEM used as the reference DEM in the plain sample area in subfigure d2 in Figure 7 did not contain as many terrain details as the InSAR DEMs. This is because the ground targets at the surface were eliminated when producing the photogrammetric DEM products.
The fusion of ascending and descending InSAR DEMs could evidently compensate for geometric distortions caused by the data voids in the mountainous areas. The fused results, shown in subfigures a2 and a3 in Figure 8 , could combine the useful information of both the toward-radar and back-radar slopes and fill in the data voids. Comparing a2 and a3 in Figure 8 , the fused DEM with guided filter (a2) had fewer data voids and was smoother than the fused DEM with guided filter (a3). In Table 2 , it can be seen that the RMSE of the fused DEM with weighted average filter, shown in Figure 8(a2) , was 3.2 m, while the RMSE of the fused DEM with guided filter in Figure 8 (a3) was 2.9 m. In Table 3 , it can be seen that the percentage of invalid pixels at the mountainous sample area was 0.19% for the fused DEM with weighted average filter, while that for the fused DEM with guided filter was only 0.02%.
Subfigures c2 and d2 in Figure 8 are the fused DEMs of InSAR DEM II (B n = 157 m) and III (B n = 471 m) obtained using weighted average and guided filters, respectively. InSAR DEM III (c1), as shown in Figures 7 and 8 , had finer topographic details and less "salt-and-pepper" noise than InSAR DEM II (b1), also shown in Figures 7 and 8 . The fused DEMs with the weighted average and guided filter-as shown in subfigures b2 and c2, respectively, in Figures 7 and 8 -retained the terrain detail information and reduced the "salt-and-pepper" noise. In the mountainous sample area, the fused DEM with guided filter, as shown in Figure 8 (b3), was smoother and had fewer data voids than the fused DEM with weighted average filter shown in Figure 8 (b2). In Table 2 , it can be seen that the RMSE of the fused DEM with weighted average filter, shown in Figure 8(b2) , was 3.4 m, while the RMSE of the fused DEM with guided filter, shown in Figure 8(b3) , was 2.8 m. In Table 3 , for the whole test area, the percentage of invalid pixels was 0.69% for the weighted average and 0.02% for the guided filter. For the two sample areas, the percentage of invalid pixels was less than 0.2% for the weighted average and 0.02% for the guided filter.
Subfigures c2 and c3 in Figures 7 and 8 display the fused DEM with InSAR DEMs I (B n = 251 m, ascending), II (B n = 157 m, ascending), III (B n = 471 m, ascending), and IV (B n = 237 m, descending) obtained using the weighted average and guided filters. In Table 3 , it can be seen that the percentage of the invalid pixels was less than 0.26% for the fused DEM with weighted average filter and less than 0.02% for the fused DEM with guided filter covering the whole test area. In the plain and mountainous sample areas, there were no invalid pixels in the fused DEM with guided filter. The RMSE of the fused DEMs obtained using the weighted average and guided filters were 7.2 m and 6.7 m, respectively, both of which were superior to the TanDEM-X DEM, whose RMSE was 14.1 m. In the mountainous sample area, the RMSE of the fused DEM generated by weighted average filter was 3.1 m, while the RMSE of the fused DEM generated by guided filter was 2.6 m. 
Discussion
The proposed DEM fusion method with guided filter was validated by three sets of experiments with the bistatic TanDEM-X data: ascending and descending InSAR DEM fusion, multi-baseline InSAR DEM fusion, and multi-baseline and multi-orbit InSAR DEM fusion. The most popularly applied InSAR DEM fusion method with weighted average filter was performed as a contrast experiment. The quality of the resultant DEMs was evaluated qualitatively from Figures 7 and 8  and quantitatively from Tables 2 and 3 . The experimental results can be analyzed and discussed in terms of the following aspects.
Comparative Analysis of the Single-Baseline InSAR DEMs and the Fused InSAR DEMs
The InSAR DEM fusion strategy worked well for improving the DEM quality. The data voids in the single-baseline InSAR DEMs could evidently be reduced. Additionally, the InSAR DEM fusion could well retain the high-precision height information and reduce the height noise when fusing the multi-baseline and multi-orbit InSAR DEMs. Comparing InSAR DEM I (B n = 251 m, ascending) (a1) with InSAR DEM IV (B n = 237 m, descending) (d1) in Figure 8 , the height accuracy in the mountainous areas of the DEMs was related to the slope orientation in that there were fewer data voids and less "salt-and-pepper" noise at the toward-radar slopes than the back-radar slopes. The fusion of InSAR DEMs with different orbital directions could compensate for the DEM data voids caused by the layover and shadow effects and preserve the high-precision height information at different slope sides. However, comparing InSAR DEM II (B n = 157 m, ascending) (b1) with InSAR DEM III (B n = 471 m, ascending) (c1) in Figure 8 , the InSAR height measurement sensitivity increased with the normal baseline length; therefore, there were more detailed terrain features in the InSAR DEM with longer baseline, whereas the interferograms with longer normal baselines was more prone to phase unwrapping errors. The fusion of the InSAR DEMs with different normal baseline lengths could retain the high height measurement sensitivity of the long baseline and reduce the random height errors by increasing the numbers of observations.
Comparative Analysis of the Fused DEMs with Weighted Average and Guided Filters
Firstly, it can be seen from Figure 8 that the fused DEM with guided filter had fewer data voids than the fused DEM with weighted average filter for the whole test area, the plain sample area, and especially for the mountainous sample area. It can also be seen from Table 3 that for the whole test area, the percentage of invalid pixels was less than 0.71% for the fused DEM with weighted average filter and less than 0.03% for the fused DEM with guided filter. In mountainous sample areas, the percentage of invalid pixels was less than 0.2% for the weighted average filter and less than 0.02% for the guided filter, while in the plain area, the percentage was less 0.14% for the weighted average filter and less than 0.02% for the guided filter. This is due to the fact that the guided filter takes the local spatial context into consideration and that when there is an invalid pixel its value can be compensated by the neighboring pixels inside the search window; by contrast, the weighted average is only a pixel-based fusion and does not consider the neighboring height information. There were seldom any invalid pixels after the guided-filter-based DEM fusion. Another advantage of the addition of spatial neighborhood constraint information was that the fused DEM with guided filter was smoother and had less "salt-and-pepper" noise than the fused DEM with weighted average filter.
Secondly, the fusion method with guided filter could be seen to well preserve topographic features, such as ridges or boundaries. The guided-filter-based fusion method adopts a two-scale fusion strategy in which the InSAR DEMs that are to be fused are decomposited into a large-scale low-frequency base layer and a small-scale high-frequency detail layer. The guided-filter-based method focuses on small-scale terrain cues to preserve the details in the fusion process. Additionally, the hillshade map can enhance the terrain features and is used as guidance image for the weight map and detail map. Based on the edge-preserving characteristic of the guided filter, the edges and detail information of the guidance image can be retained and passed to the filtered image, and therefore the guided-filtered weight map and detail map are related to terrain features and are more helpful for preserving the terrain details.
It can be seen from Table 2 that the RMSEs of the fused DEM with guided filter were smaller than those of the fused DEM with weighted average filter, indicating that the DEM fusion method with guided filter was superior to the fusion method with weighted average filter.
Comparative Analysis of the Guided Filter and the Mean Filter
The mean filter provides a local spatial average of pixel values within a certain window and can reduce the random height error at the expense of resolution loss. The height accuracy improvement of the mean filter is limited to a certain extent as it can merely reduce the random height error, and with the loss of high-frequency meaningful detail information, the height accuracy can also be decreased.
Unlike the smooth operator mean filter, the guided filter is used as an edge-preserving smooth operator, as discussed in Section 2.1. It does not provide a local spatial average of pixel values but rather a local linear fit between the guidance image and input image. Therefore, the guidance image can be used as the constraint image. We used the hillshade map (with enhanced topographic features and generated from DEM) as a guidance image and accordingly we called it the terrain-guided filter. Because the local linear fit can maintain the local image gradient, the guided filter can well preserve the terrain details of the input image. The coefficients a k and b k of the linear conversion in Equation (11) are calculated through the average of all the possible values of a k and b k from all local windows covering the same pixel as in Equation (15) . Thus, it can take the neighboring height information into consideration, which can help suppress the abnormal value.
As contrast experiment, the mean filter was applied to the weighted averaged InSAR DEM. The RSME of the mean-filtered DEM was compared with the fused DEM with terrain-guided filter. For the mean filter, the local window size used is a very important parameter which determines the blur degree of the filtered DEM. Figure 9 shows the influence of the local window size on the height RMSE at plain and mountainous areas. It can be seen from Figure 9 that the local window size had evident influence on the RMSE of the filtered DEM. The RMSE first slightly decreased and then increased as window size increased on the whole. This is mainly due to the fact that the increase of local spatial information can effectively alleviate the effect of noise at the beginning. However, when the window size reaches a certain value, the RMSE tends to increase due to the oversmoothing effect. By contrast, for the fusion method based on terrain-guided filter, the RMSE level is little influenced by the window size, whether at plain sample area or mountainous sample area. The insensitivity of the guided filter has already been demonstrated by some studies [25, 36] . Moreover, the RMSE of the fused DEM with terrain-guided filter was smaller than that of the weighted averaged DEM after mean filter, indicating the effectiveness of the proposed fusion method. Even though the RMSE was barely affected by the window size, we conservatively set the window size as 3 during the processing.
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In this paper, a novel InSAR DEM fusion method with guided filter was developed and testified with the bistatic TanDEM-X InSAR data with different normal baselines and different orbital directions. The popularly applied InSAR DEM fusion method with weighted average was also Figure 9 . Analysis of the influence of window size on height root mean square error (RMSE) at different sample areas.
In this paper, a novel InSAR DEM fusion method with guided filter was developed and testified with the bistatic TanDEM-X InSAR data with different normal baselines and different orbital directions. The popularly applied InSAR DEM fusion method with weighted average was also adopted as a contrast experiment. Single-baseline and fused InSAR DEMs were generated, and their height accuracy was evaluated using photogrammetric DEM and TanDEM-X DEM. The main findings of this study are as follows:
(1) The fusion of multi-baseline and multi-orbit InSAR DEMs can simultaneously solve the two major problems of single-baseline InSAR, namely the contradiction between height measurement sensitivity and phase unwrapping reliability caused by baseline length and the DEM data voids caused by layover or shadow effects. This technique maintains the advantage of higher height measurement sensitivity of long baselines while reducing the random height noise by increasing the number of observations. Furthermore, the fusion of ascending and descending InSAR DEMs can compensate for the data voids caused by geometric distortions. (2) The guided-filter-based InSAR DEM fusion method can take local spatial context information into consideration, which can help smooth the "salt-and-pepper" noise of InSAR DEMs and eliminate the abnormal height value. Furthermore, due to the spatial dependence of the height information, the guided-filter-based InSAR DEM fusion method can fill in almost all the data voids. (3) The guided-filter-based InSAR DEM fusion method can well preserve the terrain details.
The two-scale fusion strategy can help retain the high-frequency detail information. Furthermore, the guided filter belongs to the category of edge-preserving smoothing filters, and the fused InSAR DEM obtained using guided filter can well preserve the terrain features with the DEM hillshade image as the guidance image. (4) The fused InSAR DEM with guided filter has smaller RMSE than the fused InSAR DEM with weighted average filter and the TanDEM-X DEM, which well validates the effectiveness of the proposed InSAR DEM fusion method with guided filter.
